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Oligodendrocytes, the myelinating cells of the central nervous system (CNS), are generated during development through the
proliferation and differentiation of a distinct progenitor population. Not all oligodendrocyte progenitors generated during
development differentiate, however, and large numbers of oligodendrocyte progenitors are present in the adult CNS,
particularly in white matter. These “adult progenitors” can be identified through expression of the NG2 proteoglycan. Adult
oligodendrocyte progenitors are thought to develop from the original pool of progenitors and in vitro are capable of
ifferentiating into oligodendrocytes. Why these cells fail to differentiate in the intact CNS is currently unclear. Here we
how that contact with CNS myelin inhibits the maturation of immature oligodendrocyte progenitors. The inhibition of
ligodendrocyte progenitor maturation is a characteristic of CNS myelin that is not shared by several other membrane
reparations including adult and neonatal neural membrane fractions, PNS myelin, or liver. This inhibition is concentration
ependent, is reversible, and appears not to be mediated by either myelin basic protein or basic fibroblast growth factor.
yelin-induced inhibition of oligodendrocyte progenitor maturation provides a mechanism to explain the generation of a
esidual pool of immature oligodendrocyte progenitors in the mature CNS. © 1999 Academic Press
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pINTRODUCTION
Oligodendrocytes, the myelinating cells of the vertebrate
central nervous system, arise in specific regions of the early
embryonic nervous system (Warf et al., 1991; Pringle and
Richardson, 1993; Yu et al., 1994; Ono et al., 1995, 1997).
hey subsequently disperse to populate the presumptive
hite matter and to a lesser extent gray matter, where the
ajority undergo extensive proliferation and differentiate
nto myelinating cells (Skoff et al., 1976a,b; Noll and
Miller, 1993). In vitro, maturation of oligodendrocyte pro-
enitors is associated with changes in cell morphology,
otility, expression of certain cell surface antigens, and
esponses to specific mitogens (Pfeiffer et al., 1993). In
ultures of rodent CNS, immature cells in the oligodendro-
yte lineage have a characteristic bipolar morphology are
ighly motile and express cell surface antigens recognized
y the monoclonal antibodies (mAbs) A2B5 and NG2
Noble et al., 1988; Pfeiffer et al., 1993). These A2B51 cells
roliferate primarily in response to platelet-derived growth
actor (PDGF) (Noble et al., 1988; Richardson et al., 1988)
nd to a lesser extent to basic fibroblast growth factor
p
L
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All rights of reproduction in any form reserved.bFGF) (Bogler et al., 1990; McKinnon et al., 1990). In vitro
2B51 oligodendrocyte progenitors may differentiate into a
ubset of GFAP1 astrocytes under appropriate conditions
nd thus are also known as oligodendrocyte–type-2 astro-
yte (O-2A) progenitors (Raff et al., 1983; Raff, 1989). With
aturation A2B51 oligodendrocyte progenitors develop
nto pro-oligodendroblasts (Pfeiffer et al., 1993) character-
zed by a multiprocessed morphology, reduced motility, and
he expression of antigens recognized by the mAb O4
Bansal et al., 1992). These O41 progenitors retain expres-
ion of A2B5 immunoreactivity and their proliferation is
riven mainly by bFGF (Gard and Pfeiffer, 1990; Fok-Seang
nd Miller, 1994). The differentiation of O41 progenitors
nto oligodendrocytes is marked by expression of galacto-
erebroside, a major glycolipid of myelin (Raff et al., 1978;
feiffer et al., 1993). In most cases, differentiated oligoden-
rocytes are postmitotic. Maturation of oligodendrocytes
esults in up-regulation of expression of the major myelin
omponents such as myelin basic protein and proteolipid
rotein and under appropriate conditions formation of com-
act myelin sheaths (Campagnoni and Macklin, 1988;
emke, 1993).
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360 Robinson and MillerIn vivo not all oligodendrocyte progenitors differentiate
into oligodendrocytes. For example, the adult rat optic
nerve retains a population of cells with characteristics
similar to, but distinct from, oligodendrocyte progenitors in
the neonatal nerve (Wolswijk and Noble, 1989; Wolswijk et
al., 1990; Wren et al., 1992). Both the neonatal and the adult
oligodendrocyte progenitors appear to be derived from the
same initial cell lineage (Wren et al., 1992). The abundance
of adult oligodendrocyte progenitors was not appreciated
until the demonstration that these cells could be identified
in intact adult central nervous system (CNS) through ex-
pression of the NG2 proteoglycan (Levine et al., 1993;
Nishiyama et al., 1996, 1997). The large numbers of NG21
adult oligodendrocyte progenitors in the adult CNS, espe-
cially in white matter have lead to the proposal that they
may have functions in the CNS that are distinct from
simply acting as a reservoir for oligodendrocytes (Wolswijk
et al., 1990).
How these NG21 adult progenitor cells are generated and
why they do not differentiate into oligodendrocytes in situ
is currently unclear. In low-density cultures of rat optic
nerve cells, in the presence of mitogen the majority of
oligodendrocyte progenitors proliferate and removal of mi-
togenic stimulation leads to a rapid reduction in prolifera-
tion and differentiation (Raff et al., 1988; Raff, 1989). In
higher density or explant cultures of spinal cord cells,
however, the differentiation of oligodendrocyte progenitors
was not irreversibly linked to a reduction in proliferation
(Zhang and Miller, 1995), suggesting that cell–cell interac-
tions may regulate oligodendrocyte differentiation. Here we
show that contact with CNS myelin inhibits the matura-
tion of oligodendrocyte progenitors and maintains these
cells in an immature NG21 state. This myelin-induced
nhibition of oligodendrocyte differentiation may underlie
he generation of adult oligodendrocyte progenitor cells in
he vertebrate CNS.
MATERIALS AND METHODS
Substrate Preparation
Preparations of highly enriched myelin as well as plasma mem-
brane fractions from adult and neonatal tissues were prepared using
a discontinuous sucrose gradient (Norton and Poduslo, 1973) as
previously described (Zhou et al., 1995). Central myelin and neural
membranes were prepared from adult cerebrum, and peripheral
myelin was prepared from adult sciatic nerve. To isolate myelin
and adult neural plasma membranes, tissue was homogenized in
0.3 M sucrose and layered on a gradient of 1.23 and 0.85 M sucrose.
Samples were centrifuged for 45 min at 75,000g, the crude myelin
raction was collected at the 0.32/0.85 M interface, and the neural
lasma membrane was collected at the 0.85/1.23 M interface.
rude myelin was washed twice by osmotic shock, resuspended in
.32 M sucrose, layered over 0.85 M sucrose, centrifuged, and
ollected from the 0.32/0.85 M interface. After removal of excess
ucrose myelin was resuspended 1:1 in DMEM, homogenized with
6-gauge needle for 5 min, and stored at 270°C until use. For the
Copyright © 1999 by Academic Press. All rightneonatal brain and adult liver cell membrane fractions, tissue was
homogenized in 0.85 M sucrose, layered on 1.23 M sucrose,
centrifuged at 75,000g for 45 min, and collected at the 0.85/1.23 M
interface. Sucrose was removed by washing and the pellet homog-
enized 1:1 in DMEM. All procedures were performed at 4°C. Gray
matter substrates were prepared from a block of adult rat cerebral
cortex using a similar protocol.
Sample protein concentrations were determined using a BCA
protein assay and all substrates were generated using equivalent
amounts of protein. Unless otherwise stated substrate solutions
were diluted in DMEM to a concentration of approximately 500–
650 mg/ml, homogenized for 4 min with a 26-gauge needle, applied
n five to six separate 1- to 2-mm dots to polylysine-coated
overslips (about 8 ml per coverslip), and air dried. The intervening
reas on the coverslip acted as control substrate.
Cell Preparation and Culture
Enriched populations of A2B5 or O41 cells were prepared by
immunopanning of P0 rat spinal cord cells as previously described
(Robinson and Miller, 1996; Robinson et al., 1998). Cells were
plated at 40,000 cells/coverslip and cultured in basal defined
medium with 1% FCS. Mouse mAb anti-MBP antibody (Boehringer
Mannheim, Indianapolis, IN) and rabbit anti-human bFGF antibody
(Collaborative Biomedical Products, Bedford, MA) were used at 40
and 10 mg/ml, respectively. For proliferation assays, 10 mM BrdU
was added during the last 18 h of culture (Robinson and Miller,
1996; Robinson et al., 1998).
To assess the reversibility of substrate effects, 35-mm petri
dishes were coated in parallel with coverslips for standard assays.
Enriched A2B5 cells were plated at 375,000 cells/petri dish and
40,000 cells per coverslip. Cells on coverslips were labeled 3 and
24 h after plating to confirm substrate activity. Cells were removed
from petri dishes by incubation in 0.25% trypsin/0.19% EDTA/
CMF for 2 min at 37°C. Cells were collected, washed with 10%
FCS/DMEM, and plated on control substrate (polylysine-coated)
coverslips at 20,000 cells/coverslip. Cells were cultured for an
additional 24 h prior to labeling.
Immunocytochemistry
Cells were labeled with rabbit anti-NG2 (gift of Dr. J. Levine),
mAb A2B5, or mAb O4 as previously described (Robinson and
Miller, 1996). Briefly, cells were incubated with primary antibodies
diluted in 10% NGS/DMEM for 30 min, rinsed, and incubated with
rhodamine-conjugated rabbit (NG2) or mouse (A2B5 or O4) second-
ary antibodies diluted 1:50 in 10% NGS/DMEM for 30 min.
Cultures were fixed with acid methanol for 12 min at 220°C,
insed, and mounted in n-propyl gallate. For BrdU labeling, A2B5-
tained cells were permeabilized with 2 N HCl for 45 min and
ubsequently incubated with mouse anti-BrdU (Boehringer Mann-
eim) at 1:50 in 10% NGS/0.5% Tween/0.1 M phosphate buffer for
0 min followed by fluorescein-conjugated anti-MIg at 1:50.
Quantification of Cell Number
On each substrate, the total number of cells (minimum 200) in
multiple random 203 fields was counted under phase microscopy.
The proportion of cells labeled with a specific antibody was
determined using appropriate filters depending on the primary
antibody. The means and standard deviations in each case were
s of reproduction in any form reserved.
c
t
a
s
v
m
p
d
a
t
p
d
o
c
r
r
d
361Oligodendrocyte Progenitor Maturation Inhibition by CNS Myelin Contactcalculated from at least six separate coverslips derived from two
independent experiments except where noted. Statistical signifi-
cance was calculated using a Student t test.
RESULTS
CNS Myelin Inhibits Expression of O4
Immunoreactivity in Oligodendrocyte Progenitors
To determine whether the maturation of oligodendrocyte
progenitors was influenced by a substrate of CNS myelin
enriched populations of immature (A2B51) oligodendrocyte
progenitors were plated on control or myelin substrates and
labeled with mAbs NG2, A2B5, and O4 after 1 day in vitro.
The number of O41 oligodendrocyte progenitors that de-
veloped was dramatically reduced on a substrate of CNS
myelin compared to polylysine controls (Fig. 1). For ex-
ample, on control substrates approximately 75% of the cells
were labeled with anti-NG2, greater than 65% were
A2B51, and 10–15% were O41 (Fig. 2). By contrast, on
CNS myelin while the numbers of NG2 and A2B51 cells
were not significantly different there were essentially no
O41 cells (Fig. 2). The effect of the myelin substrate was
local. Regions of control substrate directly adjacent to areas
of myelin contained a similar proportion of O41 cells to
ontrol regions more distal to myelin and a similar propor-
ion to cultures that were exclusively controls. Similarly,
reas of myelin substrate adjacent to regions of control
ubstrate contained similar proportions of O41 cells to
areas of myelin more distal to control regions. After an
additional 1 day of culture (2 days in vitro) no O41 cells
were detectable on myelin substrates although their num-
ber had increased on control substrates and the number of
NG21 and A2B51 cells on myelin and control substrates
were not significantly different. The lack of O41 cells on
myelin substrates reflected an inhibition of maturation of
immature progenitor cells. The absence of O41 cells was
paralleled by an absence of both O11 oligodendrocytes and
A2B51GFAP1 type-2 astrocytes.
The inhibition of maturation of oligodendrocyte progeni-
tors is not the result of enhanced cell proliferation. The
proportion of oligodendrocyte progenitors that incorporated
BrdU was not significantly different on myelin and control
substrates. In both cases approximately 2.5% of A2B51
progenitors incorporated BrdU after an 18-h pulse. The low
level of proliferation reflects the absence of mitogens in the
environment and indicates that the inhibition of matura-
tion of progenitor cells on CNS myelin is not a reflection of
enhanced proliferation (Bogler et al., 1990; McKinnon et al.,
1990).
The CNS Myelin-Induced Inhibition of O4
Expression Is ReversibleTo determine whether the CNS myelin-induced inhibi-
tion of maturation of oligodendrocyte progenitors was re-
t
c
Copyright © 1999 by Academic Press. All rightersible, enriched A2B51 cells were grown for 1 day on a
yelin substrate and replated on control substrates and the
roportion of cells expressing O4 immunoreactivity was
etermined. Soon after plating, (3 h) cells both on myelin
nd on the control substrate showed moderate labeling of
heir cell bodies with mAb O4 (Figs. 3A–3D). One day after
lating, while cells on the control substrate expressed
etectable levels of O4 labeling, no O41 cells were present
n the CNS myelin substrate on either petri dishes or
overslips (Figs. 3E–3H). In parallel cultures, cells were
emoved from myelin-coated and control petri dishes and
eplated on control substrates for 1 day. No significant
ifferences were seen in the number of A2B51 cells be-
FIG. 1. CNS myelin suppresses the expression of O4 immunore-
activity, a characteristic of mature oligodendrocyte progenitors.
Enriched A2B51 cells were plated on either CNS myelin (A–D) or
control (E–H) (polylysine) substrate cultured for 1 day and stained
with either mAb A2B5 (A, B, E, F) or mAbO4 (C, D, G, H). Growth
of progenitor cells on a CNS myelin substrate does not substan-
tially affect A2B5 expression (compare A and B with E and F), but
markedly suppresses O4 expression (compare C and D with G and
H). Bar, 100 mm.ween cultures that had previously been plated on myelin
ompared with controls (Fig. 4). In both cases approxi-
s of reproduction in any form reserved.
d362 Robinson and Millermately 60% of residual cells were A2B51. More impor-
tantly, the number of O41 cells in cultures derived from
cells previously grown on CNS myelin was not signifi-
cantly different from the number of O41 cells in control
cultures (Figs. 3I, 3J, 4). In both cultures approximately 15%
of cells were O4 immunoreactive (Fig. 4). Since there was
no detectable change in total cell numbers in either culture,
these data suggested that inhibition of oligodendrocyte
progenitors by CNS myelin was reversible and required
continued interaction with CNS myelin. Furthermore, con-
tact with CNS myelin was sufficient to revert O41 oligo-
endrocyte progenitors to a more immature O42 pheno-
type. When enriched populations of O41 cells were plated
on a myelin substrate they began to display reduced O4
immunoreactivity within 3–5 h and 1 day greater than 95%
of the cells were O42. Since there was no significant
change in cell number these data suggest that contact with
myelin induce reversal of O4 immunoreactivity in pro-
oligodendroblasts.
The Inhibition of O4 Expression Is Dependent on
the Concentration of Myelin Substrate
To determine the concentration requirements for myelin
inhibition of oligodendrocyte progenitor maturation, the
density of myelin substrate was reduced and the expression
of O4 immunoreactivity by immature progenitor cells com-
pared after 1 day. In multiple experiments (n 5 3) myelin
FIG. 2. CNS myelin substrate does not affect immature oligoden-
drocyte progenitor cell numbers, but dramatically suppresses the
number of O41 pro-oligodendrocytes. Enriched A2B51 cells were
cultured on myelin or control substrate for 1 day and labeled with
NG2, A2B5, or O4, and the percentage of labeled cells was
determined. Note that the number of A2B51 cells does not change
significantly, since the majority of O41 oligodendrocyte progeni-
tors retain A2B5 immunoreactivity. The data represent the differ-
ence from the control means for three independent experiments
(n 5 6 cultures) 6 standard deviations.
Copyright © 1999 by Academic Press. All rightsubstrates at a concentration of 650 mg inhibited O4 expres-
FIG. 3. The suppression of O4 expression by CNS myelin is
reversible. Enriched A2B51 cells were plated on myelin (A, B, E, F)
or control (C, D) substrate. Immediately after plating the cells, cells
on both substrates show moderate O4 staining of the cell body
(A–D). At 24 h after plating, the cells on myelin (E, F) showed
suppression of O4 expression while controls did not (G, H). The
cells were removed from the myelin and replated on the control
substrate. After 1 day, a substantial number of the cells that had
previously been on myelin and lacked O4 expression showed cell
processes with O41 staining (I, J). (A, C, E, G, I) O4 labeling; (B, D,
F, H, J) respective phase contrast images. Bar, 100 mm.sion in almost all cells (Figs. 5A and 5B). Myelin substrates
at a concentration of 65 mg/ml reduced O4 expression such
s of reproduction in any form reserved.
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on their cell body but not on fine processes (Figs. 5C and
5D). Myelin substrates at a concentration of 6.5 mg/ml only
slightly reduced O4 expression (Figs. 5E and 5F) compared
to control (Figs. 5G and 5H) cultures. None of the substrate
concentrations significantly affected total cell numbers in
the cultures. These data indicate that the inhibition of
maturation of oligodendrocyte progenitors is dependent on
the concentration of the myelin substrate
The Inhibition of O4 Expression Is a Characteristic
of CNS Myelin
To determine whether the inhibition of O4 expression
was a characteristic of CNS myelin shared by other
membrane preparations, substrates were prepared from a
variety of different sources beside CNS myelin, including
adult and neonatal brain membranes, liver, and PNS
myelin. Enriched populations of A2B51 cells were plated
on each of the substrates and the proportion of
NG21A2B51 and O41 cells compared after 1 day in
vitro. The proportion of NG21 and A2B51 cells was not
significantly different on control or substrates composed
of CNS myelin, adult or neonatal neural membrane
FIG. 4. The suppression of O4 expression is reversible. After 2
days on a CNS myelin substrate the number of A2B5 is slightly
reduced and the number of O41 cells is significantly reduced
compared to control cultures. These data are similar to that seen
after 1 day on CNS myelin substrate (see Fig. 2). By contrast, after
1 day on a CNS myelin substrate and a subsequent 1 day on control
substrate there is no difference in the proportion of A2B51 and
O41 cells compared to controls. Since there is no difference in total
cell number in the cultures these data suggest that inhibition of
maturation by CNS myelin is reversible.fractions, liver, or PNS myelin (Figs. 6A and 6B). By
contrast, while the proportion of O41 cells was similar
a
1
Copyright © 1999 by Academic Press. All righton control and substrates composed of liver and PNS
myelin, the proportion of O41 cells was slightly reduced
on adult and neonatal CNS neural membranes, and the
cells were virtually absent on CNS myelin substrates
(Figs. 6C and 7). Thus, the capacity to completely in-
hibit the maturation of oligodendrocytes is a character-
FIG. 5. The suppression of O4 expression by CNS myelin is
concentration dependent. Enriched A2B51 cells were cultured for
1 day on substrates of different concentrations and labeled with O4.
The expression of O4 immunoreactivity is almost totally absent on
a substrate concentration of 650 mg/ml (A, B). On a concentration
f 65 mg/ml O4 immunoreactivity is detectable on the cell body,
ut not on the processes of oligodendrocyte progenitors (C, D). On
concentration of 6.5 mg/ml O4 immunoreactivity is present on
oth cell bodies and processes (E, F) although it is not quite as
trong as on control substrates (G, H). (A, C, E, G) O4 immunore-
ctivity and (B, D, F, H) corresponding phase contrast images. Bar,
00 mm.
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Copyright © 1999 by Academic Press. All rightistic of CNS myelin not shared by other membrane
preparations.
Membranes from White Matter Are More Potent
Inhibitors of O4 Expression by Oligodendrocyte
Progenitors Than Membranes from Gray Matter
To determine whether the inhibition of oligodendrocyte
progenitor maturation was only exposed during the purifi-
cation of CNS myelin, the capacity of homogenates of
complete adult gray matter and white matter to inhibit O4
expression was assayed. Fewer O41 cells were present on
white matter (Figs. 8A and 8B) than gray matter (Figs. 8E
and 8F) or control substrates (Figs. 8C, 8D, 8G, and 8H).
Quantitatively, the proportion of A2B51 cells was de-
reased by approximately 20% on substrates of either gray
r white matter homogenates compared to controls (Fig. 9).
n both substrates there was a decrease in proportion of
41 cells compared to controls (Fig. 9). The proportional
eduction in O41 cells was much greater on white than
ray matter, however. For example, while the proportion of
41 cells was reduced by approximately 40% on gray
atter (41 to 25%, P 5 0.055) the reduction on white
atter homogenates was more significant. Very few O41
ells were present on white matter substrates compared
ith either gray matter (P 5 0.004) or control substrates (P
0.00001) (Fig. 9). These data are consistent with results
rom purified myelin and suggest that the inhibition of O4
xpression is a reflection of normal myelin components.
Anti-MBP or Anti-bFGF Does Not Neutralize
Myelin-Induced Inhibition of O4 Expression
Several components might be responsible for the inhibi-
tion of maturation of oligodendrocyte progenitors including
the major myelin protein MBP and growth factors such
bFGF. To determine whether either of these molecules
were the biologically active components the inhibitory
effects of CNS myelin were assayed in the presence of
specific antibodies. In two independent assays addition of
anti-MBP antibody at concentration of 40 mg/ml had no
ffect on the inhibition of oligodendrocyte progenitor matu-
ation induced by CNS myelin suggesting that the active
omponent is not simply MBP.
A combination of PDGF and bFGF has been shown to
xtend the proliferation of A2B51 oligodendrocyte progeni-
tors and inhibit their progression to O41 progenitors. To
determine whether bFGF in the myelin fraction was medi-
cells was slightly reduced on neonatal and adult neural membranes
and dramatically reduced on CNS myelin. The data are representedFIG. 6. The suppression of oligodendrocyte progenitor cell matu-
ation is predominantly a characteristic of CNS myelin that
nfluences O41 progenitors. Enriched A2B51 cells were cultured
n an equivalent protein concentration (650 mg/ml) of the different
ubstrates for 1 day and labeled with NG2, A2B5, or O4. None of
he substrates affects the number of NG21 oligodendrocyte pro-as the difference in cell number between the control and experi-
mental mean 6 standard deviation (n 5 3).
s of reproduction in any form reserved.
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oligodendrocyte progenitors, cells were grown on a CNS
myelin substrate in the presence of 10 mg/ml neutralizing
FIG. 7. The suppression of O4 expression is predominantly a
characteristic of CNS myelin. Enriched A2B51 cells were cultured
n equivalent protein concentration (650 mg/ml) of the various
ubstrates for 1 day and labeled with mAb O4. While CNS myelin
ramatically reduced the number of O41 cells (A, B), relatively
ormal numbers of O41 cells were seen on substrates derived from
embrane fractions of adult rat brain (C, D); neonatal rat brain (E,
); liver (G, H); or polylysine control (I, J).anti-bFGF antibody. In three separate experiments this
antibody had no effect on the inhibition of oligodendrocyte
Copyright © 1999 by Academic Press. All rightprogenitor maturation by CNS myelin although it totally
inhibited bFGF induced oligodendrocyte progenitor prolif-
eration. These observations suggest that the active compo-
nent in the myelin fraction is not adsorbed bFGF. These
data are consistent with the proliferation studies, which
demonstrated no increase in progenitor cell proliferation in
the presence of CNS myelin. Initial attempts to more
accurately determine the molecular properties of the active
components were hampered by high toxicity of myelin
fractions that had been either pretreated with trypsin or
denatured by boiling.
Taken together these studies provide strong evidence that
contact with CNS myelin inhibits the maturation of oligo-
dendrocyte progenitor cells such that they fail to express O4
FIG. 8. Substrates of adult rat white matter suppresses O4 expres-
sion more than substrate gray matter. Enriched A2B51 cells were
plated on white matter or gray matter, cultured for 2 days, and
labeled with mAb O4. On white matter the number of O41 cells
was dramatically reduced (A, B) compared to control (C, D). Gray
matter substrates had a less dramatic effect on O4 expression (E, F)
compared to control (G, H). (A, C, E, G) Labeling with mAb O4; (B,
D, F, H) corresponding phase contrast micrographs. Bar, 100 mm.
s of reproduction in any form reserved.
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366 Robinson and Millerimmunoreactivity. This inhibition of maturation provides a
structural mechanism to explain the generation of persis-
tent oligodendrocyte progenitors in the adult vertebrate
CNS.
DISCUSSION
The mature vertebrate CNS contains a substantial popu-
lation of cells with the characteristics of oligodendrocyte
progenitors (Wolswijk and Noble, 1989; Wren and Noble,
1989; Levine et al., 1993; Nishiyama et al., 1997). These
adult progenitor cells have the capacity for further prolif-
eration and differentiation into oligodendrocytes (Wolswijk
and Noble, 1989; Wren and Noble, 1989). How a persistent
population of progenitor cells is generated and maintained
in the adult CNS is currently not well understood. Here we
demonstrate that in vitro the maturation of immature
neonatal oligodendrocyte progenitors is inhibited through
contact with CNS myelin. This inhibition of maturation is
reversible, not strongly expressed by non-CNS myelin
membranes, concentration dependent, and not related to
enhanced cell proliferation. Such regulation of oligodendro-
cyte progenitor maturation by CNS myelin provides a
mechanism for the establishment of an adult progenitor
FIG. 9. The inhibition of O4 expression by white matter is similar
to that seen with CNS myelin. Enriched A2B51 cells were plated
on white matter or gray matter, cultured for 2 days, labeled with
mAbs A2B5 or O4, and counted. The number of A2B51 cells is only
slightly decreased on both gray and white matter, compared to the
control substrate. By contrast, while the number of O41 cells is
decreased by approximately 40% on gray matter substrates, it is
decreased by greater than 90% on white matter substrates. Data
represent the mean 6 standard deviation compared to the control
mean from three independent experiments.population.
Adult progenitors of the oligodendrocyte lineage were
Copyright © 1999 by Academic Press. All rightriginally identified in cell cultures derived from postnatal
at optic nerve (Wolswijk and Noble, 1989; Wren and
oble, 1989). Cell biological analyses indicated that these
ells differed from their neonatal counterparts in antigenic
henotype morphology cell cycle time and rate of migration
Wolswijk and Noble, 1989; Wren and Noble, 1989; Wren et
l., 1992). Although these differences are cell intrinsic
Wren et al., 1992), both neonatal and adult progenitor cells
ave been shown to coexist in the nerve (Wolswijk et al.,
990) and to be generated from the same original cell
opulation (Wren et al., 1992). The ability to identify adult
ligodendrocyte progenitor cells in the intact CNS through
abeling with the NG2 antibody indicates that adult pro-
enitors are present in all regions of the adult CNS (Levine
t al., 1993; Nishiyama et al., 1997) and are equally if not
more prevalent in white matter than gray (Levine et al.,
1993).
The finding that a CNS myelin substrate reversibly
inhibits immature oligodendrocyte progenitor cell matura-
tion provides the basis for a structural hypothesis to explain
the generation and persistence of oligodendrocyte progeni-
tor cells in the adult CNS. In this model the first oligoden-
drocyte progenitors to populate a presumptive white matter
tract proliferate in response to environmental mitogens,
mature to O41 pro-oligodendroblasts and in response to
either axonal or cell intrinsic signals, differentiate into
oligodendrocytes, and synthesize myelin sheaths. Addi-
tional progenitor cells continue to populate developing
white matter as a result of both proliferation and migration.
These latter arising oligodendrocyte progenitors complete
the myelination process until all available axons are en-
sheathed. Immature progenitors generated after initial my-
elination has encased all local axons are now closely ap-
posed to CNS myelin. These later arising progenitors fail to
mature and differentiate into oligodendrocytes as a result of
the inhibitory signals from adjacent myelin and instead are
induced to form the founders of the adult progenitor popu-
lation.
This model is consistent with the timing of appearance of
adult progenitors. In the rat optic nerve adult progenitor
cells first appear at postnatal day 7 (Wolswijk et al., 1990)
and by 1 month after birth are the dominant progenitor cell
population in the nerve (Wolswijk et al., 1990). This timing
is consistent with the appearance of myelination in the
optic nerve. Myelin is first detected around postnatal day 6
(Colello et al., 1995) and myelination is essentially com-
plete by the end of the second month. Furthermore, the
induction of the adult progenitor phenotype by CNS my-
elin, and to a lesser extent gray matter membranes, is
consistent with the presence of progenitor cells in both
white and gray matter. One striking difference between our
studies and the earlier work on adult progenitors from the
optic nerve is the expression of cell surface antigens. In
cultures of optic nerve adult oligodendrocyte progenitors
are O41 (Wolswijk et al., 1990), while in the presence of
s of reproduction in any form reserved.
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planation is that in the intact nerve, surrounded by myelin,
the adult progenitor cells are not O41 but quickly become
so when removed from contact with myelin. Consistent
with this hypothesis in reversal experiments, progenitor
cells began to express O4 immunoreactivity within 1 day
after replating on a control substrate. It seems likely that
contact with CNS myelin induces changes in progenitor
cells in addition to a simple suppression of maturation. The
proliferative responses and morphology of these cells differ
from those of neonatal progenitors (Wren and Noble, 1989;
Wolswijk et al., 1990). However, it appears that these
hanges are not irreversible since exposure of adult progeni-
ors to specific combinations of growth factors reverts them
o a neonatal progenitor phenotype (Wolswijk and Noble,
992).
The molecular signals mediating the myelin inhibition of
differentiation are unknown. It may be that there are
multiple signals. Previous studies have demonstrated that
exposure of oligodendrocyte progenitor cells to the anti-
GalC/sulfatide monoclonal antibody R-mAb inhibits termi-
nal differentiation of oligodendrocytes (Bansal and Pfeiffer,
1989) suggesting that these lipids have the capacity to
transduce signals across the membrane (Bansal and Pfeiffer,
1989). It may be that the binding of the antibody mimics a
natural ligand activity that is present in myelin. Since CNS
myelin inhibits differentiation at an earlier stage in progeni-
tor development than R-mAb it is unlikely that the same
signaling mechanisms are totally responsible although they
may contribute to the overall inhibitory effect. Proteins
expressed on the surface of oligodendrocytes and the exter-
nal surface of the myelin sheath are also potential candi-
dates to mediate the inhibition of oligodendrocyte matura-
tion. The best characterized of these are the myelin/
oligodendrocyte glycoprotein (MOG) (Linnington et al.,
1984) which appears to play a role in autoimmune-mediated
demyelination and the CNS myelin components proposed
to inhibit axonal elongation (Caroni and Schwab, 1988).
During normal development, the number of oligodendro-
cytes is regulated in part through cell death (Barres et al.,
1992; Barres and Raff, 1994). It may be that interaction with
CNS myelin and the subsequent inhibition of maturation
protects oligodendrocyte lineage cells from initiating
apoptosis as levels of survival factors decrease during devel-
opment. This hypothesis is consistent with the finding that
the majority of cell death occurs in recently differentiated
oligodendrocytes (Barres et al., 1992; Barres and Raff, 1994;
rapp et al., 1997). The cells that subsequently die may
ither be refractory to inhibition of proliferation or be
eparated from myelin influences by interaction with inter-
ening astrocytes of other cellular elements.
The suppression of oligodendrocyte progenitor matura-
ion by myelin components may contribute to the lack of
emyelination observed in some chronic demyelinating
onditions. For example, although white matter contains
Copyright © 1999 by Academic Press. All rightany adult oligodendrocyte progenitor cells (Levine et al.,
993; Nishiyama et al., 1997), frequently remyelination is
imited. It may be that the presence of myelin debris in
emyelinated regions inhibits the capacity of oligodendro-
yte progenitors to undergo the differentiation and remyeli-
ate the lesion. Rapid clearance of myelin debris may then
acilitate oligodendrocyte differentiation and enhance re-
yelination.
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